ABSTRACT
INTRODUCTION
Proinsulin secretion by perifused islets. In 7 of these experiments (Fig 2) , proinsulin was also 155 measured at selected times of the perifusions. The changes in proinsulin secretion were 156 qualitatively, but not quantitatively, similar to those of insulin, which resulted in variations in 157 the proinsulin/insulin ratio (Fig 2, inset) . During the pre-stimulatory period in G1, the 158 proinsulin/insulin ratio in the effluent averaged 3.9 ± 0.7%. This ratio decreased to 2.1 ± 159 0.3% (P<0.01) at the peak of first phase, remained low during second phase, increased about 160 2-fold during inhibition with diazoxide, and decreased again when stimulation was restored 161 by tolbutamide. The proportion of secreted proinsulin was thus higher under basal conditions 162 than during stimulation of β-cells.
163
Insulin responses to pulse stimulation. Stimulation by 10-min pulses of G10, separated by 164 10-min intervals in G3, consistently evoked rapid insulin secretion, but the amplitude of the 165 response decreased (P<0.001), mainly between the first and second stimulations (Fig 3A) , as 166 also observed in mouse islets (58). Similar changes occurred during stimulation by pulses of 167 30mmol/l KCl in G3 (Fig 3A) . Lengthening the intervals to 30min between glucose pulses did 168 not prevent the decrease in the insulin response (Fig 3B) . Quantification of first phase 169 glucose-induced insulin secretion may thus be incorrect when successive stimulations are 170 applied.
171
Glucose dependency of biphasic insulin secretion. Islets were thus stimulated by increasing 172 glucose from G3 to either G6, G8, G10, G15 or G30 for 2h. Biphasic insulin secretion was 173 consistently observed (Fig 4A and B) . The initial acceleration of secretion was similar with 174 the 4 highest glucose concentrations, and the peak of first phase occurred with a similar delay 175 of 5min (after correction for a dead-time of 1min). The increase in insulin secretion was more 176 sluggish in response to G6, with the peak of first phase occurring at least 1min later. Second 177 phase of insulin secretion was stable over the 2h of stimulation with all glucose 178 concentrations ( Fig 4A) . Upon return to G3 at the end of experiments, the insulin secretion rate decreased, but this decrease was preceded by a paradoxical transient increase ("off-180 response") in some preparations stimulated with the highest glucose concentrations. The 181 glucose-dependency was similar for the first phase (both peak and 7-min integration) and the 182 second phase of insulin secretion (110-min integration), with half-maximal responses at 6.5 to 183 7mmol/l glucose and maximal responses at 15mmol/l glucose (Fig 4C) . A stimulation index
184
(fold-change above baseline) is often used to quantify insulin secretion by human islets. As 185 shown in Figure 4D , the index was different for first and second phases. For example, in 186 response to G15 the stimulation index averaged 8.8 ± 0.12 for the peak of first phase, 6.0 ± 187 0.8 for integrated first phase and 4.8 ± 0.3 for second phase.
188
Proinsulin secretion was also measured during prolonged stimulation with G15. The 189 proinsulin/insulin ratio decreased from 4.0 ± 0.6% (n=7) in G3 to 1.9 ± 0.5% (P<0.001) 190 during the first phase, and remained low during the whole second phase (2.1 ± 0.3% after 60 191 min and 2.2 ± 0.4% after 120 min). islets were initially perifused with G3, G6, G8 or G10 before being challenged with G15. As 195 expected, initial insulin secretion rate increased with the pre-stimulatory glucose 196 concentration (Fig 5A) . The insulin response to G15 remained clearly biphasic when 197 experiments started in G6 instead of G3; the peak of first phase was slightly lower (P<0.05),
198
but integrated first phase was unaffected because of an earlier onset (Fig 5A and B) . However, 199 initial perifusion in G8 or G10 virtually suppressed first phase insulin response to G15 200 without affecting the insulin secretion rate during second phase (Fig 5A and B) . The 201 stimulation index, calculated for the peak of first phase, integrated first phase or second 202 phase, decreased with increasing pre-stimulatory glucose concentrations (Fig 5C) .
We next investigated whether this alteration of first phase insulin secretion produced 204 by an elevation of pre-stimulatory glucose is a rapidly reversible phenomenon (Fig 6A) .
205
Switching from G3 to G8 induced biphasic insulin secretion with a sharp first phase, but a 206 further increase to G15, 40 min later, was clearly less efficient in inducing a rapid response.
207
However, returning to G3 for 10min before stimulation with G15 was sufficient to restore a 208 clear first phase without impacting the second phase (Fig 6A) . Both peak (0.077 ± 0.007 vs 209 0.054 ± 0.003 %/min, P<0.01) and integrated first phase (0.054 ± 0.03 vs 0.045 ± 0.03 %/min, 210 P<0.05) were larger than in the control group without return to G3. Other combinations of 211 glucose concentrations were also tested. Stimulation with G10 from pre-stimulatory G4 or G6 212 induced biphasic insulin secretion, with similar second phases but small differences in first 213 phase (Fig 6B) . For the peak of first phase, the stimulation index was much smaller when 214 starting in G6 than G4 (3.6 ± 0.5 vs 6.9 ± 1.0, P<0.005) largely because the pre-stimulatory 215 insulin secretion rate was higher. Absolute peak values were also smaller in 7/9 paired 216 experiments, but the difference between mean values (0.057 ± 0.04 vs 0.069 ± 0.07 %/min) 217 did not reach statistical significance. Switching from G10 to G30, 40 min later, was less 218 efficient (P<0.05) in inducing a rapid response than if a 10-min lowering to G6 preceded the 219 final stimulation with G30 ( Fig 6B) .
220
An unexplained phenomenon was observed on stimulating with G15 or G30 from pre-221 stimulatory G8 or G10 (Fig 6A inset and Fig 6B) . A rapid and short-lived acceleration of 222 insulin secretion preceded the larger, sustained increase. It occurred in about 2/3 of the 10 or 20 min later, was followed by a biphasic increase in insulin secretion, although glucose 228 was not changed.
229
The above approaches of glucose lowering or CaCl 2 chelation were accompanied by 230 decreases in insulin secretion, which theoretically could permit refilling of a pool of granules 231 necessary for rapid insulin secretion. This interpretation is not supported by the experiments 232 shown in Figure 6D and E. Thus, islets maintained in G8, G10 or G15 responded by a rapid 233 increase in insulin secretion when challenged by 5mmol/l arginine or 25µmol/l tolbutamide.
234
Granules are thus available for immediate release under these conditions.
235
Modulation of biphasic insulin secretion by islet culture in different glucose 236 concentrations. Experiments described above established that the first phase of glucose-237 induced insulin secretion is acutely attenuated by increased pre-stimulatory glucose. We next 238 investigated the impact of longer exposure of islets to a moderately elevated glucose 239 concentration. Islets from the same preparations were cultured in parallel, in G5 or G8 for 240 48h, or in G8 for the last 24h only. They were then perifused for 60min in G5 or in G8 before 241 being stimulated with G15 (Fig 7 A-C) .
242
Let us first consider the impact on first phase response to G15. Confirming results
243
shown in Figure 5A , when islets cultured in G5 were initially perifused in G8, first phase 244 insulin secretion induced by G15 was blunted, both in relative terms (Fig 7A, fold-changes 
245
given in inset) and absolute terms (Fig 7C, compare middle columns labeled A) . After 48h 246 culture in G8, islets displayed elevated basal insulin secretion rate during initial perifusion 247 with either G8 or G5 (Fig 7B and Fig 7C -left-hand columns) . When these islets remained in 248 G8 until stimulation with G15, the first phase was minimal, whereas a large first phase was islets pre-perifused in G8.
253
Let us next consider second phase of the response to G15. The insulin secretion rate 254 was higher (P <0.01) in islets cultured in G8 (similar after 24 and 48h) than in those cultured 255 in G5 only, but was unaffected by the glucose concentration (G5 or G8) during the pre-256 stimulatory period (Fig 7C, right-hand columns) . Regardless of culture conditions, the 257 stimulation index for this second phase was larger after initial perifusion in G5 rather than G8 258 simply because of a lower pre-stimulatory insulin secretion rate (Fig 7A and B, and insets) . In 259 summary, islets maintained in G8 for 24-48h have virtually completely lost the ability to 260 respond to G15, but 60 min of pre-stimulation in G5 are sufficient to restore this 261 responsiveness.
262
In contrast, when stimulated with tolbutamide or arginine, islets cultured for 48h in G8
263
quickly and markedly increased their insulin secretion rate (Fig 7D) . This increase was even 264 larger in G8 than G5, exactly as in mouse islets, in which β-cell depolarization and rise in 265 cytosolic Ca 2+ produced by both agents augment with the glucose concentration (30,34).
266
Strikingly, transient chelation of extracellular CaCl 2 by EGTA was followed by a biphasic 267 increase in insulin secretion in islets cultured in G8 for 48h, and either maintained at the same 268 glucose concentration thereafter or stimulated with G15 ( Fig 7E) . clamps to 8-9mmol/l glucose, insulin secretion rate increased 5.5 and 2.7-fold at the peak of 368 first phase and during second phase, respectively (21), which compares well with our 369 measurements of 5.6 and 3.1-fold changes in perifused islets upon increase from G3 to G8.
370
Insulin secretion rate from the β-cell perspective. Considering that each human β-cell 371 contains ~10000 insulin granules (59), insulin secretion rates measured at the peak of the first 372 phase and during the second phase correspond to about 6 and 3 granules per β-cell/min in response to G8, and to about 10 and 6 granules per β-cell/min in response to G15. In G15, primary defects in β-cell function or be secondary to the elevation of pre-stimulatory glucose.
389
The acute insulin response to high glucose was reported to be unaltered (53) islets: a well-defined first phase response to G15 was observed when starting from between 395 G1 and G6, whereas the insulin secretion rate increased much more sluggishly when stepping 396 from G8-G10 to G15-G30. The negative impact of small increases in pre-stimulatory glucose
397
was not only reflected by lower stimulation index (Fig 5C) but also, and more importantly, by decreased absolute insulin secretion rates (Fig 5B) . Thus, peak first phase to G15 was lower 399 when starting from G6 instead of G3 and peak first phase to G10 tended to be lower when 400 starting from G6 instead of G4. 
